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Atomic Layer Deposition

A Tutorial by Cambridge NanoTech Inc.
Cambridge, MA 02139 USA

Contact us to receive the Powerpoint version! 

Cambridge NanoTech Inc. 23 Perry Street, Cambridge MA 02139 USA
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E-mail: info@cambridgenanotech.com
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About Atomic Layer Deposition (ALD)About Atomic Layer Deposition (ALD)

Atomic Layer Deposition (ALD) is used to deposit thin films with special qualities.

The principle of ALD is based on sequential pulsing of chemical precursor vapors,  
both of which form about one atomic layer each pulse. This generates pinhole free 
coatings that are extremely uniform in thickness, even deep inside pores, trenches 
and cavities.

100 nm Al2

 

O3

 

coating on Si wafer.



www.cambridgenanotech.com www.cambridgenanotech.com 33

Cambridge Cambridge NanoTechNanoTech
 

Inc. ALD systemsInc. ALD systems

The Cambridge NanoTech Inc. Atomic layer deposition systems are 
controlled with a convenient Labview-PC-USB interface.

They are hot wall ALD systems with cross flow travelling wave precursor deposition. 
Nitrogen carrier gas is used for high speed pulse-purge cycles.

Prior to deposition, a substrate is inserted into the ALD reactor,
and is heated usually between 50-400°C

2005 © All rights reserved
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www.cambridgenanotech.com www.cambridgenanotech.com 44

ALD example cycle for AlALD example cycle for Al22
 

OO33

 

depositiondeposition

In air H2 O vapor is adsorbed on most surfaces, forming a hydroxyl group. 
With silicon this forms: Si-O-H (s)

After placing the substrate in the reactor, Trimethyl Aluminum (TMA) 
is pulsed into the reaction chamber.

Tri-methyl
aluminum
Al(CH3 )3(g)
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Hydroxyl (OH)
from surface
adsorbed H2 O

Methyl group
(CH3 )

Substrate surface (e.g. Si)
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ALD cycle for AlALD cycle for Al22
 

OO33

Al(CH3 )3 (g) + : Si-O-H (s) :Si-O-Al(CH3 )2 (s)  + CH4

Trimethyl Aluminum (TMA) reacts with the adsorbed hydroxyl groups,
producing methane as the reaction product
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ALD cycle for AlALD cycle for Al22
 

OO33

C

HH

Al

O

Excess TMA Methane reaction
product CH4

H
H C

Trimethyl Aluminum (TMA) reacts with the adsorbed hydroxyl groups,
until the surface is passivated. TMA does not react with itself, terminating the 

reaction to one layer. This causes the perfect uniformity of ALD.
The excess TMA is pumped away with the methane reaction product.

Substrate surface (e.g. Si)
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ALD cycle for AlALD cycle for Al22
 

OO33
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After the TMA and methane reaction product is pumped away, 
water vapor (H2 O) is pulsed into the reaction chamber.
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ALD cycle for AlALD cycle for Al22
 

OO33

2 H2 O (g) + :Si-O-Al(CH3 )2 (s)     :Si-O-Al(OH)2 (s)  + 2 CH4

H

Al

O

O

H2 O reacts with the dangling methyl groups on the new surface forming aluminum- 
oxygen (Al-O) bridges and hydroxyl surface groups, waiting for a new TMA pulse. 

Again metane is the reaction product. 

O

Al Al

New hydroxyl group

Oxygen bridges

Methane reaction product

Methane reaction 
product
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ALD cycle for AlALD cycle for Al22
 

OO33

H

Al

O

O

The reaction product methane is pumped away. Excess H2 O vapor does not react with 
the hydroxyl surface groups, again causing perfect passivation to one atomic layer.

O O

Al Al
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ALD cycle for AlALD cycle for Al22
 

OO33

One TMA and one H2 O vapor pulse form one cycle. Here three cycles are shown, with 
approximately 1 Angstrom per cycle. Each cycle including pulsing and pumping takes e.g. 3 sec.

O

H

Al Al Al

HH

OO

O O
O OO

Al Al Al
O O

O OO

Al Al Al
O O

O OO

Al(CH3 )3 (g) + :Al-O-H (s) :Al-O-Al(CH3 )2 (s)  + CH4

2 H2 O (g) + :O-Al(CH3 )2 (s)     :Al-O-Al(OH)2 (s)  + 2 CH4

Two reaction steps in each cycle:

2005 © All rights reserved
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ALD cycle for AlALD cycle for Al22
 

OO33

The saturative chemisorption of each layer and its subsequent monolayer
passivation in each cycle, allows excellent uniformity into high aspect ratio 3D structures,

such as DRAM trenches, MEMS devices, around particles etc.

2005 © All rights reserved
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Animation of the ALD process!

see our website

http://www.cambridgenanotech.com/animation
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ALD DepositionALD Deposition
 

advantagesadvantages

Digital thickness control to atomic level.
3D conformality (100% step coverage).
Large area uniformity.
Easy batch scalability (small material sources and substrate stacking).
Pinhole free films, even over very large areas.
Excellent repeatability (wide process window).
Low defect density.
Excellent adhesion due to chemical bonds at the first layer.
Nanolaminates and mixed oxides possible.
Gentle deposition process for sensitive substrates, no plasma.
Low temperature deposition possible (RT-400C).
Atomically flat and smooth, copies shape of substrate perfectly.
Low stress because of molecular self assembly.
100% dense guarantee ideal material properties (n, Ebd, k, etc).
Relatively insensitive to dust.
Oxides, nitrides, metals, semiconductors possible (standard recipes).
Amorphous or crystalline depending on substrate and temperature.
Coats on everything, even on teflon.
Higher yields

- Not all materials possible yet

Alternating reactant exposure creates unique properties of deposited coatings: 
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Thin film deposition methods comparedThin film deposition methods compared

MethodMethod ALDALD MBEMBE CVDCVD SputterSputter EvaporEvapor PLDPLD

Thickness UniformityThickness Uniformity goodgood fairfair goodgood goodgood fairfair fairfair
Film DensityFilm Density goodgood goodgood goodgood goodgood poorpoor goodgood
Step CoverageStep Coverage goodgood poorpoor variesvaries poorpoor poorpoor poorpoor
Interface QualityInterface Quality goodgood goodgood variesvaries poorpoor goodgood variesvaries
Number of MaterialsNumber of Materials fairfair goodgood poorpoor goodgood fairfair poorpoor
Low Temp. DepositionLow Temp. Deposition goodgood goodgood variesvaries goodgood goodgood goodgood
Deposition RateDeposition Rate fairfair poorpoor goodgood goodgood goodgood goodgood
Industrial ApplicabilityIndustrial Applicability goodgood fairfair goodgood goodgood goodgood poorpoor

ALD = atomic layer deposition, MBE = molecular beam epitaxy.
CVD = chemical vapor deposition, PLD = pulsed laser deposition.

2005 © All rights reserved
Cambridge NanoTech Inc.



www.cambridgenanotech.com www.cambridgenanotech.com 1515

Sigma Aldrich is our 
exclusive partner for
precursor chemicals and 
supplies this list of ALD
precursors, preloaded 
in Cambridge NanoTech
cylinders, ready to mount to
our ALD systems. Simply
order online!

Cambridge Nanotech 
provides recipes to grow
many of these materials.

Chemfiles
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Our ALD products

see also:

http://www.cambridgenanotech.com/Products/products.php
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SavannahSavannah
 

100 & 200 ALD100 & 200 ALD

Travelling wave cross flow reactor
Affordable for research labs
Expandable (ozone, plasma, analytical systems)
Small footprint (19 x 22 inches)
Savannah Savannah 100 & 200100 & 200 Technical specificationsTechnical specifications

Substrate SizeSubstrate Size up to up to 200200 mmmm

Substrate TemperatureSubstrate Temperature 2525°°C C –– 500500°°CC;  ;  ±±0.20.2°°C C 

Precursor SourcesPrecursor Sources Up to 6, heated.Up to 6, heated.

Deposition UniformityDeposition Uniformity <<±±1% 1% 

FootprintFootprint 550550 x 550 mmx 550 mm

DepositionDeposition High speed/ultra high High speed/ultra high  
aspect ratio aspect ratio 

ControlControl LabviewLabview--USBUSB--PCPC

Vacuum PumpVacuum Pump IntegratedIntegrated

CompatibilityCompatibility CleanroomCleanroom Class 100Class 100

CabinetCabinet Removable panelsRemovable panels

PowerPower 115Vac or 220Vac, 900W.115Vac or 220Vac, 900W.

OptionalOptional Domed lid for batchesDomed lid for batches

OptionalOptional Any substrate sizeAny substrate size

OptionalOptional Full custom designFull custom design
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Email received from Prof. Marek Godlewski PAS Poland:

We are very happy with the new ALD system SAVANNAH 100, which we

 

bought from Cambridge NanoTech Inc. We have grown more than 100 
samples within the first 5 months after the purchase of this ALD 
system and the system worked perfectly. Presently we work on thin 
films of ZnO and ZnMnO, the first material for new electronics applications, the 
latter material for spintronics applications. It turned out to be very crucial to grow 
ZnO and ZnMnO at very low temperatures. In the case of ZnMnO we could 
avoid so-called spinodal decomposition and also accumulation of foreign Mn 
oxide phases. The obtained material was very homogeneous showing

 

preferential magnetic properties.

From Marcello Zucca, Laboratorio di Chimica per le Tecnologie Università

 

di Brescia, 
Italy

 

ALD system of Cambridge Nanotech is a perfect instrument to deposit nanometric 
films of metal oxides. The instrument is very reliable and thanks to interface it's very 
easy to use.

 

We are able to deposit without problems titanium and zinc oxide

 

and 
soon other oxides. We have obtained great results also thanks to

 

the constant support 
of cambridge Nanotech. The customer assistance has always been helpful, fast and 
kind. 

Email received from customer Dr. Thomas W. Scharf:

"UNT is using the Cambridge NanoTech ALD system to deposit solid

 

lubricant and 
nanocrystalline lubricous oxides for moving mechanical assembly (MMA) applications, 
such as fully assembled, miniature steel rolling element bearings and silicon MEMS.  
UNT is very happy with the system, technical support, ALD expertise 
and timeliness in responses from Cambridge NanoTech."

Professor Goldhaber-Gordon from Stanford University wrote:

The ALD system runs smoothly, producing conformal, 
high-breakdown aluminum oxide on a variety of substrates 
(we'll soon try depositing other materials). Cambridge Nanotech 
support is great --

 

they always respond to technical questions 
very fast and give useful suggestions.

From Old Dominion University, Prof. Baumgart:

One of my students " Kanda Tapily "  enjoyed numerous helpful 
contacts with you and appreciates your valued technical advise 
on whatever issues and questions did arise during his work. The 
Cambridge Nanotech ALD system works really fine and we are 
very happy about the tool. This ALD tool can be easily managed 
by graduate students in a university environment and works like 
a charm.

From a customer who asked their startup company is not mentioned:

"Cambridge NanoTech has been most excellent to provide expertise

 

and 
starting points for developing processes to push our technology to the next 
level. Their customer support is excellent. We've been using 
the Savannah system to grow films from the first day it was 
installed."

CNT Customer testimonials:CNT Customer testimonials:
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Applications: HighApplications: High--k dielectrics for CMOSk dielectrics for CMOS

Silicon 
subsrate
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Smaller transistors  => short channel effect
Need stronger electrostatic coupling of gate =>
Thinner gate dielectrics but 
SiO2 tunneling current => high-k dielectrics

Intel 2007 production in 45 nm chips!
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5 conditions -
•

 

High enough dielectric constant k
•

 

Stable -

 

no reaction with Si
•

 

Oxides with high heat of formation
•

 

Preferred –

 

HfO2

 

, Zr, Y, La, Al

•

 

Stable up to 10500C
•

 

Low diffusion, amorphous 
HfSiOx

 

:N
•

 

Wide band gap for low leakage
•

 

Good interface, low impurities, traps
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Choice of highChoice of high--k dielectric materialk dielectric material

Source: J. Robertson
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Applications: Semiconductor memoryApplications: Semiconductor memory

SiO2

Dielectric

Top electrode

poly Si

Hausmann et al. 
Thin Solid films 2003.

3D DRAM needs conformal coating
of high-k dielectric and metal electrode 

C=kA/d: Al2O3, ZrO2, Ta2O5
DRAM crown
DRAM trench

Samsung uses ALD for DRAM manufacture!

High aspect ratio ALD
of Ta2O5 in vias of 
170 nm dia, 7 microns
deep

100 nm

100 nm
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Applications: Applications: Gate dielectrics on nonGate dielectrics on non--Si devicesSi devices

(a) Schematic of finger gated devices. Mo gates (150
nm wide  10 nm thick) were defined lithographically on a Si/
SiO2 substrate and subsequently coated with 25 nm of HfO2 
grown by low-temperature ALD. Nanotubes were grown across 
these local gates by CVD and contacted with Ti/Au electrodes. 
Not to scale.

(b) Atomic force micrograph of nanotubes grown across Mo 
finger gates and contacted (far left and far right) by Ti/Au leads. 
Note that one finger gate passes directly underneath the 
nanotube-metal contact. Arrows indicate the location of the 
nanotube. Finger gates are labeled as in the text.

Local gating of carbon nanotubes, Biercuk, Nano Letters 2003

Cambridge NanoTech Client: Prof. C.M. 
Marcus, 
Harvard University.
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Applications: ALD liftoffApplications: ALD liftoff

Low-temperature atomic-layer-deposition lift-off method for microelectronic and nanoelectronic

 

applications, Biercuk, APL 2003.

2005 © All rights reserved
Cambridge NanoTech Inc.
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Applications: Applications: Gate dielectrics on nonGate dielectrics on non--Si devicesSi devices

Cambridge Nanotech Client: Nobel laureate Prof. Tsui, 
Princeton University
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Applications: Applications: Gate dielectrics on nonGate dielectrics on non--Si devicesSi devices

Cambridge Nanotech Client: Prof. Ohno,  
Tohoku University, Japan.
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Applications: Applications: ALD liftALD lift--off technologyoff technology
Cambridge NanoTech Client: C.M. 
Marcus, Harvard University.

Cambridge NanoTech co-authored publication,
Applied Physics Letters

 

2003.
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WN WN metal barriermetal barrier
 

for Cu interconnectsfor Cu interconnects

• Prevents Cu diffusion into silicon
• Refractory nature
• Amorphous
• Acts as an adhesion promotor for Cu and Co

33 
nm

32 
nm

Top

Bottom

ALD Tungsten nitride (WN)

Cambridge NanoTech co-authored publication
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Applications: Porous structuresApplications: Porous structures

Atomic Layer Deposition in Porous Alumina (Top view)

13 nm

21 nm

13nm

Top View after deposition

Al2 O3

Al

View

Reference Sample
DP =35..45 nm

24 nm

K. Nielsch, Max Planck Institute, 2004

2005 © All rights reserved
Cambridge NanoTech Inc.

Before deposition

Cambridge NanoTech Client: K. Nielsch, 
Max Planck Germany
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Applications: Porous structuresApplications: Porous structures

Atomic Layer Deposition in Porous Alumina (Bottom view)

9 nm

13 nm
16 nm

Bottom View after deposition

Al2 O3

Al

View

Reference Sample
DP =35..45 nm

2005 © All rights reserved
Cambridge NanoTech Inc.

Before deposition

Uniform deposition into 40 nm holes 50 μm deep
>1:1250 aspect ratio!

Cambridge NanoTech Client: K. Nielsch, 
Max Planck Germany
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Applications: Porous structuresApplications: Porous structures

TiO2

 

-Al2

 

O3

 

-TiO2

 

coaxial nanotubes grown with ALD inside porous alumina.

K. Nielsch, Max Planck Institute, 2006

Cambridge NanoTech Client: K. Nielsch, 
Max Planck Germany
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Applications: Applications: ferromagnetsferromagnets

Nickel nanotubes grown in porous alumina, then alumina etched away

K. Nielsch, Max Planck Institute, 2006

Cambridge NanoTech Client: K. Nielsch, 
Max Planck Germany
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Applications: Applications: Nanotube formationNanotube formation

Nature Materials  2007 Published online: 
2 July 2006; doi:10.1038/nmat1673

cambridge NanoTech Client: K. Nielsch, 
Max Planck Germany
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PlayPlay--LD:LD:
 

coating of viruscoating of virus

Deposition of Al2

 

O3

 

inside and around tubular shaped tobacco mozaic 
virus length 300 nm, OD 18 nm, ID 4 nm. Grown < 80C

cambridge NanoTech Client: K. Nielsch, 
Max Planck Germany
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PlayPlay--LD:LD:
 

butterfly PC waveguidebutterfly PC waveguide

Morpho Peleides butterfly Wing photonic lattice
Cambridge NanoTech Client: Zhong Lin 
Wang, Georgiatech.
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PlayPlay--LD:LD:
 

butterfly PC waveguidebutterfly PC waveguide

Cambridge NanoTech Client: Zhong Lin 
Wang, Georgiatech.
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Applications: Applications: AntiAnti--reflection coatingsreflection coatings

Zaitsu et al. Applied Phyics Letters, 80, 2442, 2002

ALD good for AR coatings: large area precision thickness control and batch coating.

=> Graded index coatings posssible by varying the number of Al2O3/TiO2 low n/high n 
layers inside a nanolaminate stack
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Applications: Applications: Transparent conductorsTransparent conductors

ALD-ZnO transparent conductors advantages:

No costly indium as in ITO
Good optical transmission 
Low resistivity (1 mOhmcm)
Large area uniformity
Very smooth films in contrast to ITO

Thin film transistors:

ALD of ZnO active matrix thin film
transistors possible as well.
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Applications: Applications: humidity barriershumidity barriers

Water vapor transmission rate of 25 nm ALD Al2O3 better than 1 mm polymer encapsulation!

WVTR <10−5 g/m2

 

day demonstrated

Applied Physics Letters,  89, 031915 2006
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For more applications see:

http://www.cambridgenanotech.com/ALD-applications.php

and

http://www.cambridgenanotech.com/clientmap/clientpapers.php
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Our websiteOur website

More ALD applications
Customer ALD network
Tutorial, animation
ALD literature search page
Product information
Contact information

Lots of information

www.cambridgenanotech.com
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